Complement mediated hemolytic uremic syndrome (aHUS) accounts for a significant proportion of nonshiga toxin HUS. The purpose of this review is to outline the pathophysiology, clinical features and therapeutic options for aHUS.
INTRODUCTION
Hemolytic uremic syndrome (HUS) is characterized by a triad of nonimmune hemolytic anemia, thrombocytopenia and renal failure. Thrombotic microangiopathy and endothelial injury is a common denominator in HUS. In children, about 90% of HUS is mediated by Shiga (verocytotoxin) toxin and is traditionally referred to as typical HUS. The remaining 10% of cases are classified as atypical HUS (aHUS), which has a poorer prognosis compared with shiga toxin HUS. However, the term aHUS encompasses various causes, including but not limited to Streptococcus pneumoniae, complement mediated HUS, medications (calcineurin inhibitors, chemotherapy, antiplatelet agents, oral contraceptives), viral infections (HIV and influenza), autoimmune diseases (systemic lupus erythematosus, antiphospholipid antibody syndrome), pregnancy, and cobalamin deficiency. As we have learned more about the pathogenesis of HUS the term 'aHUS' is used to designate complement mediated HUS, and we will use aHUS to designate complement mediated HUS in this review. Several genetic mutations in complement regulatory proteins have been identified in patients with both familial and sporadic aHUS. Despite the advances in the field, 30-40% of patients with aHUS do not have an identifiable abnormality in the complement system. Approximately 50% of patients with aHUS develop end stage renal disease (ESRD) and the mortality can be as high as 25%. The focus of this article is to review the complement system, pathophysiology of complement dysregulation, clinical features and current therapeutic options in aHUS. plasma and cell surfaces [1] . The complement system has three primary functions; cellular lysis by opsonization, generation of inflammatory mediators and modulation of adaptive immune response [2] . Activation of the complement system is crucial and occurs by three different pathways and all of them converge at the formation of C3 convertase.
In the classical pathway, C1 complex (C1q, C1r and C1s) is activated by an antigen-antibody complex and sequential cleavage of C4 and C2 leads to the formation of C4bC2a, which is designated as C3 convertase [2] . In the lectin based pathway, mannose residues on microbial surfaces bind to mannose binding lectin and its associated proteases in plasma, and this complex cleaves C4 and C2 to generate C3 convertase (C4bC2a). C3 convertase then cleaves C3 to C3b, which can in turn bind to C3 convertase to form C5 convertase (C4bC2aC3b) [3] .
The alternative pathway is unique because of low level continuous hydrolysis of C3 in the plasma to C3b. C3b, upon binding to a pathogen, enables binding of Factor B and this complex is cleaved by Factor D to C3bBb, the C3 convertase of the alternative complement pathway. C3b can then bind to C3 convertase to generate C5 convertase (C3bBbC3b) [2] . C5 convertase of both classical and alternative pathways activates C6, C7, C8 and C9 to form the membrane attack complex (MAC), which causes cell lysis [1, 3] . The complement activation pathway is depicted in Fig. 1 . More recently, plasmin, thrombin and kallikrein have been shown to activate the complement system but their physiological function in vivo is yet unclear [1, 4] .
Regulation of the complement cascade is critical to limit self injury [3, 4] . Complement regulatory proteins are broadly classified into fluid phase regulators or cell surface regulators based on their site of expression. These complement regulatory proteins act in the classical, lectin or alternate pathways to prevent uninhibited activation of the complement cascade. In the classical and lectin based pathways, the C1 esterase inhibitor plays an important role by inactivating proteases, including C1r and C1s. In the terminal complement pathway, complement Factor H related protein 1 (CFHR1) regulates C5 convertase [4] . The assembly of MAC is inhibited by CD59 (Protectin), vitronectin and clusterin [1] .
As the alternative pathway contributes to 80-90% of total complement activity, its regulation is tightly controlled and complement factor H plays an important role [4] . Complement factor H and membrane cofactor protein (MCP) act as cofactors for complement factor I, a regulatory serine protease synthesized in the liver, which degrades C3b to inactive C3b (iC3b) [5] . Complement factor H acts on C3 convertase to accelerate its decay by competitively removing Bb from the C3 convertase (C3bBb) complex [3] . Degradation of C3b attenuates complement activity in all pathways. The cell surface carbohydrate content determines whether complement factor H or complement factor B binds to C3b. Specifically sialic acid, glycosaminoglycans and heparin that are present on the host cell surface promote the binding of complement factor H to C3b, thus attenuating the complement cascade. Prokaryotes lack these cell surface molecules and therefore complement factor B binds with higher affinity to C3b, initiating the complement cascade [4,6 & ].
GENETICS OF AHUS AND PATHOGENESIS
The alternate pathway is continuously active, albeit at a low level. Alteration of function or deficiency of complement regulatory proteins of the alternate pathway leads to continuous generation of C3 and C5 convertases, resulting in the formation of the MAC. This uninhibited activation of the complement cascade at the site of vascular endothelium and platelets results in a prothrombic state, which leads to thrombotic microangiopathy, and certain vascular beds are more prone to injury than others [7 && ]. Mutations in complement factor H (CFH), complement factor I (CFI), complement factor B (CFB), MCP/CD46 and C3 comprise about 50% of known mutations in patients with aHUS [8,9 & ]. Another 10% of aHUS is due to autoantibodies to complement factor H. In about 10-12% of patients with aHUS, combined mutations of CFH, CFI, MCP, C3, CFB or thrombomodulin (THBD) may exist [7 && ,10] . In the remaining 30-40% of patients with aHUS, there are no identified mutations. The majority of mutations in aHUS are heterozygous and familial occurrence is reported in up to 20% of KEY POINTS aHUS has a worse prognosis than shiga toxin mediated HUS with an increased incidence of end stage renal disease.
Normal levels of complement and complement regulatory proteins do not exclude the diagnosis of aHUS. Genetic testing for complement regulatory proteins should be evaluated in patients suspected to have aHUS.
The presence of a preceding diarrhea illness does not preclude the diagnosis of aHUS.
Plasma therapy should be initiated as soon as the diagnosis of aHUS is suspected.
the patients. aHUS can be inherited in an autosomal dominant or recessive fashion. Variable age of presentation and the presence of triggering factors (80%) in patients with aHUS indicates that genetic mutations provide a predisposition to develop aHUS [11 && ].
COMPLEMENT FACTOR H
Mutations of CFH are the most frequent genetic abnormality in aHUS, accounting for 20-30% of aHUS. CFH is a glycoprotein synthesized in the liver and is composed of 20 short consensus repeats (SCR); SCR 20 is the site for the majority of the Vitronectin, protectin and clusterin FIGURE 1. Normal complement activation cascade and its regulation. This figure illustrates the normal complement pathways and the factors that protect the host from injury. Complement can be activated by three different pathways: classical, lectin and alternate pathways. C3 convertase from the classical and lectin pathways is generated by antigen antibody complex and interaction of mannose residues on the microbial surface with mannose binding lectin, respectively, in the presence of C4 and C2. The alternate pathway is constitutively active at low levels generating C3b. C3b binds with complement factor B, which is cleaved by complement factor D to generate C3bBb; the alternate pathway C3 convertase. Thus, all three complement pathways converge at C3 convertase. Either of the C3 convertases can bind to C3b to generate C5 convertase (C3bBbC3b or C4b2aC3b). Either of the C5 convertases can cleave C5 to C5b, which then binds to C6, C7, C8 and C9 to generate membrane attack complex. The regulation of complement activation is critical to the host. The important complement regulatory proteins associated with aHUS are complement factor H, complement factor I and MCP. In the presence of complement factor H and MCP, complement factor I cleaves C3b to inactive C3b (iC3b). The carbohydrate content of the cell membrane determines whether complement factor B or H binds to C3b. Eukaryotes have polyanions on their cell surface and C3b in that instance will bind preferentially to complement factor H and C3b is inactivated. Prokaryotes (bacteria) lack polyanions and complement factor B binds C3b to generate C3 convertase and further activation of the complement system. The formation of membrane attack complex is inhibited by vitronectin, clusterin and protectin. MCP, membrane cofactor protein.
identified mutations [12] . These mutations reduce the ability of CFH to bind to surface bound C3b, thus inhibiting the degradation of C3b and C3 convertase. More than 100 mutations in complement factor H have been described and approximately 75% are heterozygous mutations [10, 13, 14] .
Although the majority of these mutations do not cause changes in plasma concentration of CFH, in about 30% of patients there is a quantitative decrease in CFH levels. Decreased C3 levels can be seen in 30-50% of patients with CFH mutations. Autoantibodies to CFH cause a functional deficiency of CFH and reduce binding of CFH to C3b, as seen in 6%-10% of children with aHUS [15, 16] . Approximately 90% of patients who have autoantibodies to CFH have deletions of CFH-related proteins 1 (CFHR1) and CFH-related proteins 3 (CFHR3) [17, 18] .
MEMBRANE COFACTOR PROTEIN
Mutations in MCP account for about 10-15% of patients with aHUS and more than 40 mutations have been described [19] . MCP is a widely expressed transmembrane glycoprotein, which is critical in preventing C3 activation on host cells by serving as a cofactor for CFI [16] . Mutations in MCP are mostly heterozygous and cause decreased MCP activity, which leads to an uninhibited complement activation [7 && ]. MCP mutations are associated with reduced expression of MCP on leucocytes in about 75% of cases and 30% of patients have low plasma C3 levels [8, 16, 20] .
COMPLEMENT FACTOR I
Mutations of CFI comprise only 5-10% of patients with aHUS [21] . CFI is a serine protease that is synthesized in the liver, which helps in the degradation of C3b. Around 40 CFI mutations have been described and most of them are heterozygous [7 && ]. Mutations in CFI result in either decreased activity of CFI or protein expression in the serum which causes impaired degradation of C3b. Plasma C3 and CFI concentrations are decreased in approximately 30% of patients with CFI mutations [22] .
THROMBOMODULIN
THBD is an endothelial glycoprotein that plays an important role in the coagulation cascade. In the complement pathway, THBD also serves to accelerate CFI-mediated inactivation of C3b [16] . Mutations in THBD are mostly heterozygous and account for 3-5% cases of aHUS [23] . C3 levels are decreased in about 50% of patients with THBD mutations [7 && ].
C3
Mutations in C3 account for about 2-10% of patients with aHUS and are usually heterozygous in nature [24] . Disease-causing mutations in C3 are a gain of function mutation as the mutant C3 contributes to increased formation of C3 convertase by binding to CFB [25] . The mutated C3 is not amenable to regulation by MCP, which normally serves to inactivate C3b. In approximately 80% of patients, C3 levels are decreased [7 && ].
COMPLEMENT FACTOR B
Mutations in CFB account for 1-4% of patients with aHUS [26] . CFB mutations are a gain of function mutations in which the mutant CFB binds to C3b with increased affinity and stabilizes C3 convertase, making it resistant to degradation. Patients with CFB mutations always have low C3 levels due to continuous activation of the alternative pathway [7 && ].
CLINICAL PRESENTATION
The age of onset of aHUS can be quite variable, but the majority of patients present during childhood [10] . In a cohort of 46 children with aHUS, Sellier-Leclerc et al. [22] demonstrated that 32 (70%) children had their first episode before the age of 2 years and eight of these children presented within the first 3 months of life. aHUS, especially due to mutations in CFH and CFI, can present as early as the neonatal period, whereas patients with MCP mutations are typically older than 1 year of age [7
&&
,12]. Patients with autoantibodies to CFH usually have onset of their disease between 7 and 11 years of age [17] . There does not appear to be a sex difference when the presentation is in childhood; however, in adults, aHUS predominantly affects women [10] . Thus, the index of suspicion for atypical HUS should be high in an infant who presents below the age of 6 months of age, as typically shiga toxin HUS presents between 1 and 5 years.
In the majority of children (80%), the onset of aHUS is triggered by an infectious process, such as an upper respiratory tract infection, fever or gastroenteritis [10, 27] . Thus, diarrhea preceding the onset of HUS does not exclude aHUS. In adolescents and adults, pregnancy is a well-described inciting event ]. In about 20% of children, extra-renal manifestations, including central nervous system or cardiac involvement, are present. In about 5% of patients, multivisceral involvement, including pancreatitis, hepatic dysfunction, pulmonary hemorrhage and gastrointestinal bleeding, is seen during the initial presentation of the disease [16] .
In general, patients with aHUS have a poor prognosis. More than 60% of patients with mutations of CFH, CFI, C3, CFB and THBD either die or develop ESRD within 1 year of presentation [16] . Patients with MCP have a better long-term outcome, with only 30% progressing to ESRD, though they tend to have a frequently relapsing course [20] . TREATMENT Supportive care should be provided to all children with aHUS, which includes management of hypertension, renal replacement therapy when indicated, and correction of anemia and electrolyte abnormalities as well as providing adequate nutrition. Platelet transfusions are generally contraindicated as they worsen the thrombotic microangiopathy and anemia [31, 32] .
DIAGNOSTIC EVALUATION

PLASMA THERAPY
Plasma exchange therapy is the first-line therapy for children with aHUS and should be initiated as soon as the diagnosis is suspected. Although plasma infusion replenishes deficient complement regulators, plasma exchange has the added benefit of removing mutant complement factors and/or autoantibodies [30] . The rate of remission after plasma exchange is variable (30-80%) depending on the genetic mutations. Plasma exchange is of little benefit in patients with a MCP mutation as MCP is not a circulating factor [8, 10, 16, 22] . The duration, dose and frequency of plasma exchange should be adjusted on a case-by-case basis. Immunosuppressive agents are of no benefit in aHUS except in patients with complement factor H autoantibodies, in whom they can be used in conjunction with plasma exchange [16, [33] [34] [35] 38] . There is an increased risk of developing Neisseria meningitis infection with the use of eculizumab and patients need to be vaccinated prior to initiation of therapy with eculizumab.
RENAL TRANSPLANTATION
The majority of children with aHUS will progress to ESRD and become candidates for renal transplantation. Kidney transplantation is associated with a high risk of recurrence (50%) and approximately 80-90% of the kidney grafts that have recurrence will fail [16] . Recurrence of aHUS is dependent on the genetic mutation, with increased risk in patients with complement factor H, complement factor I and C3 mutations, whereas the risk is significantly less for patients with MCP mutations [7 && ]. Thus, living donor kidney transplantation is contraindicated in children with mutations in CFH, CFB, CFI, C3 or THBD due to the increased risk of recurrence of aHUS. Moreover, there is an increased risk of the donor developing aHUS, as the donor might have disease-causing mutation with incomplete penetrance of the disease [16, 39] . If living related kidney transplantation is the only option available to the family then the donor and recipient should undergo thorough genetic evaluation of the complement system and the donor should be counseled that even if the genetic testing is negative, the risk of developing aHUS is not completely eliminated. Eculizumab can be used in case of disease recurrence or as a preventive agent in patients with aHUS after renal transplantation [40] [41] [42] [43] . Initial attempts at combined liver-kidney transplantation were disappointing due to complement activation and liver nonfunction; however, four patients who received peri-operative plasma exchange had a favorable outcome [44] [45] [46] .
CONCLUSION
Complement-mediated HUS (aHUS) is significantly less common than shiga toxin HUS but has a worse prognosis with increased risk of ESRD. Identification of mutations in the complement regulatory proteins has advanced the field of diagnostics, therapeutics and the ability to predict outcome in patients with aHUS. Plasma therapy should be initiated as soon as the diagnosis of aHUS is suspected. There is high recurrence rate of aHUS even after renal transplantation. Combined liver-kidney transplantation and eculizumab are newer therapeutic options with good preliminary results.
